The present feature article provides an overview on the use of state-of-the-art mass spectrometry techniques such as matrix assisted laser desorption and ionization time of flight (MALDI-TOF) mass spectrometry as well as electrospray ionization mass spectrometry (ESI-MS) for probing the mechanism of free radical polymerization processes. The article features representative examples of the application of mass spectrometry techniques to conventional free radical polymerization, nitroxide mediated polymerization (NMP), atom transfer radical polymerization (ATRP), reversible addition fragmentation chain transfer (RAFT) as well as catalytic chain transfer (CCT) processes. q
Introduction
Investigations into the mechanism of polymerization processes have been a major research focus of polymer scientists since the formulation of Herman Staudinger's Macromolecular Hypothesis in the 1920s. Especially free radical polymerizations [1] and their mechanistic underpinnings have attracted significant attention over the past decades. The interest in mechanisms governing free radical polymerizations is largely due to their wide ranging industrial applicability owing to the vast array of monomers that can be polymerized under mild reaction conditions. Free radical polymerization mechanisms have been investigated via a variety of experimental techniques, ranging from direct stationary rate of polymerization measurements, non-stationary pulsed laser techniques (such as pulsed laser polymerization coupled with size exclusion chromatography (PLP-SEC) and single pulse-pulsed laser polymerization (SP-PLP)), [2] nuclear magnetic resonance (NMR) spectroscopy, Fourier transform (near) infrared spectroscopy (FT-NIR) to absolute molecular weight determination via multiple detector SEC [1] . While the above techniques afford data that are invaluable for deducing mechanistic information, they fail to visualize the individual polymer chains present in a given sample along with their absolute molecular weight. Mass spectrometry techniques fill this gap efficiently and haveespecially over the last decade-become standard tools of polymer analysis. Further, mass spectrometry techniques provide the sensitivity and resolution together with structural information to determine even the smallest traces of products.
In the present feature article, we aim to highlight the strengths of mass spectrometry techniques for deducing mechanistic information about free radical polymerization process. The current article includes highlights from conventional free radical polymerizations, living free radical systems such as nitroxide mediated (NMP), atom transfer (ATRP) and reversible addition fragmentation chain transfer (RAFT) polymerization, as well as catalytic chain transfer (CCT) processes. We extensively discuss research results from other groups; however, more specific examples will be given using data from our own work. While mass spectroscopic data will be discussed in the context of the individual polymerization processes, the present article will not engage in the technical details of mass spectrometry. The interested reader is referred to the relevant specialized literature (see for example Refs. [3, 4] ).
The two most common mass spectrometry techniques for the analysis of polymers are matrix assisted laser desorption and ionization-time of flight mass spectrometry (MALDI-TOF) and electrospray ionization mass spectrometry (ESI-MS). Both techniques have their individual strengths and it thus depends on the specific application which technique is preferably employed. Most notably, the mass range (ormore correctly-the mass to charge ratio m/z) accessible via MALDI-TOF-MS is considerably larger (m/zy100 000 Da) then that accessible via ESI-MS, which is mainly limited to m/z!4000 Da. Due to the limited mass range of the ESI-MS technique, it is not very well suited to map out entire molecular weight distributions. However, ESI-MS can provide a softer ionization process which has in several cases been shown to limit the fragmentation of polymer end groups during the ionization process (see below). In the past, a series of reviews has highlighted the strength of mass spectrometric analysis for synthetic polymers [5] [6] [7] [8] and especially hyphenated techniques, such as size exclusion chromatography SEC-ESI-MS, have proven to be useful tools in minimizing the complexity of polymer molecular weight distributions via the analysis of close to monodisperse chromatographic fractions (see Section 3.3 for an example) [9] [10] [11] . In the SEC-ESI-MS technique, the polymer is pre-separated in a low molecular weight SEC system before entering the mass spectrometer. Thus, a 'slice-by-slice' analysis of the molecular weight distribution is achieved. Such a pre-separation has the advantage of removing potentially interfering substances (such as nonused initiator and traces of monomer) from the sample before it enters the ESI-MS. It additionally effects very low ion concentrations reducing the extent of possible ion suppression and/or shielding effects and thus resulting in a more quantitative detection. Further, in direct mass spectrometry, fragmentation may be a concern, especially for less stable polymers. In some circumstances, it may be unclear whether a registered peak is a molecular or fragment ion. SEC separation prior to mass spectrometry addresses this issues, as true low mass components will appear at larger retention times than low mass fragments resulting from fragmentation of higher molecular weight polymers. The on-line coupling a chromatographic technique such as SEC with MALDI-MS is more challenging than an analogous coupling with an ESI-MS detector due to the more complex sample preparation technique needed in MALDI-TOF-MS. Mostly SEC is employed as an off-line sample preparation tool prior to MALDI-TOF-MS analysis [12] .
While mass spectrometry yields an unprecedented accuracy of the molecular weight data (the accuracy can be better then 0.1 Da), the methods are usually beset by a chain length dependent mass bias. This implies that the intensity at which a given macromolecular chain registers depends on its respective length, giving a distorted image of the true molecular weight distribution [13] [14] [15] . In addition, the end group functionalization and polarity of the polymer chain can significantly alter the ionization potential of the chain, thus leading to a particularly strong or non-existent peak in the mass spectrum. The effects of the mass spectrometric conditions on the quality of the resulting ESI-MS spectra have been exemplified relatively early for low molecular weight polystyrenes [16] . Given that the mass spectrometer (irrespective whether it is MALDI-TOF-MS or ESI-MS) is properly calibrated, the absolute molecular weight of any chain is better than the accuracy afforded by any other method of molecular weight determination. However, care should be exercised when using mass spectrometric techniques for the quantification of the abundance of a given chain in the polymer sample. The coupling of instrumentation capable of sensitive abundance measurements such as refractive index and/or ultra violet detectors in an on-line SEC/MS environment can to some extent rectify the above shortcomings.
Finally, mass spectrometry will-when operating under optimum conditions-always yield the complete isotopic pattern distribution of a given polymer chain. It is thus highly important to calculate the theoretical mass-charge ratios on the basis of the exact molecular weight and take the expected isotopic pattern into consideration during the evaluation procedure.
Conventional free radical polymerization

Access to propagation rate coefficients via mass spectrometry
The determination of the propagation rate coefficient, k p , in free radical polymerization is now routinely carried out by the IUPAC recommended pulsed laser polymerizationsize exclusion chromatography (PLP-SEC) method [17] . One of the shortcomings of the PLP-SEC technique is the relative inaccuracy of the molecular weight determination via SEC, which in many cases (depending on the monomer under investigation) requires calibration via the universal calibration procedure leading to uncertainties in the resulting k p values of up to 30%. With the advent of mass spectrometry technology that was applicable to polymer analyses, there was an expectation that especially MALDI-TOF-MS could greatly improve the accuracy of k p determination. Mostly due to the above mentioned chain length dependent mass bias and the difficulty to ionize some monomers to significant extent, these expectations remain largely unfulfilled. Nevertheless, there have been some notable attempts to demonstrate the in-principle feasibility of PLP-MALDI-TOF-MS. In addition, mass spectrometry technology for the analysis of polymers is still a developing field and significant improvements may be expected in the future. The earliest example of the application of PLP-MALDI-TOF-MS has been reported by Gilbert and coworkers in methyl methacrylate polymerization [18] . These authors found poor agreement between the SEC and MALDI determined propagation rate coefficients and partly assigned the disagreement to poor SEC calibration of the comparative PLP-SEC experiments. Subsequently, a substantially improved result was reported somewhat later by Zammit et al. [19, 20] . These authors demonstrated that accurate values for k p in methyl methacrylate polymerization can be obtained via PLP-MALDI-TOF-MS that are consistent with PLP-SEC numbers, when carefully optimizing the MALDI-TOF experiment. Almost contemporaneously Sarnecki et al. [21] closely investigated the feasibility of poly(MMA) and poly(styrene) PLP-MALDI-TOF-MS under a range of reaction conditions and concluded that MALDI outperforms SEC analysis for the determination of k p values at least for the two monomers under investigation. More recently, the CAMD group observed an equivalent result in a similar system [22] . Fig. 1 shows a typical molecular weight distribution obtained in an MMA photo-initiated PLP experiment at K 34 8C. The low reaction temperatures were selected so that sufficiently low molecular weight material could be obtained for mass spectroscopic analysis. The trace clearly shows the inflection points in the molecular weight distribution that are a requirement for successful and consistent PLP according to the IUPAC requirements. The numbers obtained for k p at this temperature correspond well with those extrapolated from the PLP-SEC determined Arrhenius equation.
More recently, Willemse et al. used MALDI-TOF-MS to investigate whether the propagation rate is a truly chain length dependent quantity [23] . Such a notion had been recently discussed by Olaj et al. [24, 25] . Willemse et al. concluded that the initially observed chain length dependency of k p up to 1000 repeat units (in styrene and MMA free radical polymerizations) is most likely an artefact caused by column band broadening effects in SEC. However, also PLP-MALDI-TOF-MS clearly shows a marked chain length dependency of k p up to 20 repeat units. In an independent approach to mapping out the chain length dependency of the propagation rate coefficient, Zetterlund et al. carried out nitroxide trapping experiments on AIBN initiated styrene polymerization at 75 8C and quantified the resulting products-via integration of the resulting peaks-by ESI-MS [26] . These authors conclude that the long-range chain length dependence of k p suggested by Olaj may indeed be valid. In a similar manner, the same authors applied their nitroxide trapping approach to map out the chain length dependence of the propagation rate coefficient in acrylonitrile free radical polymerization [27] .
MALDI-TOF-MS may also be successfully applied to study free radical copolymerizations to deduce quantities such as terminal model reactivity ratios or initiator selectivities. Haddleton and co-workers, for example, investigated the (catalytic) free radical polymerization of methyl methacrylate (MMA) and n-butyl acrylate (BA) via MALDI-TOF-MS [28] . These authors simultaneously determined two reactivity ratios and two chain transfer constants. Comparison of the obtained values with literature established data indicated reasonably good agreement of the mass spectrometric analysis with alternative techniques such as NMR spectroscopy. A similar approach was used by Haddleton et al. for the analysis of statistical copolymers of MMA and acrylates using ESI-MS technology [29] . Shi et al. impressively demonstrated that ultra high resolution via Fourier transform ion cyclotron resonance mass spectrometry can be applied to free radical copolymerization systems [30] . By resolving isobaric species, these authors were able to map out the entire product spectrum generated in glycidyl methacrylate/butyl methacrylate copolymerizations, with the two monomers only differing by 0.036 Da in mass. Two of the identified product streams had never been mapped out before, mainly because they differ in mass by only 0.0089 Da.
Initiator derived end groups
Photoinitiators play an important role in the mechanistic and kinetic investigations of free radical polymerization processes. Their importance is related to the fact that populations of free radicals may be generated instantaneously by applying a laser pulse to a mixture of photoinitiator and monomer. The two main techniques directed toward the study of free radical polymerization kinetics are the pulsed laser polymerization (PLP) size exclusion chromatography (SEC) technique [2] for the determination of propagation rate coefficients, k p , and the single pulse SP-PLP method used for measuring termination rate coefficients, k t . The photoinitiators in use today range from azo type (e.g. 2,2-azobisisobutyronitrile) to acetophenone type (e.g. benzoin or 2,2-dimethoxy-2-phenylacetophenone (DMPA)) species. The photoinitiator for a specific PLP has to be selected carefully with regard to its expected decomposition pattern. The ideal photoinitiator is characterized by the following criteria:(i) decomposition of the parent molecule into free radical species of equal reactivity upon (laser) irradiation, (ii) each photoinitiator derived free radical initiates the polymerization process by reaction with a monomer molecule (i.e. the photoinitiator efficiency is equal to one), (iii) the time necessary for the irradiation induced decomposition of the photoinitiator should be significantly lower than the average time required for a propagation step. In reality, however, every photoinitiator shows some degree of deviation from ideality and these deviations may have serious consequences for the kinetic analysis of the polymerization data obtained from pulsed laser experiments. The most evident manifestation of photoinitiator non-ideality has been reported by Buback et al. on DMPA [31] and benzoin [32] initiated single pulse laser polymerizations of various monomers. These authors observed a decrease in monomer conversion per single laser pulse with increasing photoinitiator concentrations. Such an unusual behavior has been attributed to the fact that DMPA and benzoin decompose into an initiating species (the benzoyl fragment) and an inhibiting species (the acetal fragment, in the case of DMPA, and the benzyl alcohol fragment, in the case of benzoin) (see Scheme 1) .
End group analysis of polymers initiated by benzoin and DMPA performed in the CAMD laboratories by means of matrix assisted laser desorption ionization (MALDI) mass spectrometry underpinned this theory and showed that only the benzoyl fragment initiates polymerization, whereas the second initiator fragment could not be found as an end group. The peak marked a in Fig. 2 can be assigned to an MMA chain generated via disproportionation with 16 repeat units plus one benzoyl fragment and a sodium ion (theoretical mass of 1729.9 amu). The peak representing a MMA chain generated via combination with 15 repeat units plus two benzoyl fragments and a sodium ion (theoretical mass of 1734.8 amu) may also be included in peak a [33] . Hence, differentiating these two peaks according to the different termination modes is difficult. The close vicinity of both peaks leads to a peak broadening in these spectra [22] .
Buback and Kuelpmann subsequently suggested that 2methyl-1-[4-(methylthio)phenyl]-2-morpholinopropanone-1 (MMMP) acts as a near-ideal photoinitiator in free radical polymerization systems [34] . This hypothesis was subsequently tested via an ESI-MS study performed on methyl acrylate and dicyclohexyl itaconate polymerizations initiated by 2-methyl-1-[4-(methylthio)phenyl]-2-morpholinopropanone-1 (MMMP) [35] . Fig. 3 shows a section of an ESI-MS spectrum for MA/MMMP polymer formed via PLP at K34 8C. Clearly, five well resolved peaks per repeat unit (86.04 amu) can be distinguished. One class of peaks belong to termination via combination (peaks C), whereas the other class belongs to peaks formed via disproportionation (peaks D). The corresponding theoretical and experimental masses are collated in Table 1 . The indices of the peaks C and D are associated with the end groups of the polymer chains formed by the individual initiator fragments (1) and (2) as given in Scheme 2. An ESI-MS spectrum of polymeric material generated by the MMMP/DCHI system is depicted in Fig. 4 . Three peaks per repeat unit (294.18 amu) can be clearly identified. In contrast to the MMMP/MA system, DCHI shows only termination by disproportionation-the C peaks are missing in this spectrum. Again, inspection of Table 1 shows excellent agreement between theoretical and Scheme 1. UV induced decomposition of 2,2-dimethoxy-2-phenylacetophenone (DMPA) and benzoin into an (active, i.e. initiating) benzoyl radical fragment and a (passive) acetal radical fragment and benzyl alcohol radical fragment, respectively. experimental masses. The peaks marked with asterisks in Fig. 4 are monomer clusters formed in the electrospray unit and disappear upon application of a destructive field in the mass spectrometer. DCHI has a very high boiling point and is thus difficult to remove from the reaction mixture. Additionally, DCHI has a very high viscosity preventing complete evaporation of the monomer inside the ESI chamber. For these reasons the formation of DCHI-clusters is enhanced during the electrospray ionization process. The experimental masses of these peaks correspond exactly to multiples of the monomer repeat units. The above results clearly demonstrated that MMMP fragments into two radicals that are effectively equally capable of initiating free radical polymerization processes.
ESI-MS for the study of initiation processes has recently focused on the peroxypivalate-initiated methyl methacrylate free radical polymerization at elevated temperatures (TZ 90 8C) [36] . In this study, the authors were able to unambiguously assign the radical fragments that contribute to the initiation process and found that the pivaloyloxy radical moiety undergoes rapid decarboxylation to yield an initiating tert-butoxy radical. The also generated alkoxy radical species were shown to fragment-via a b-scission mechanism-into a variety of carbon centred radicals or may also undergo 1,5-H-shift reactions. Interestingly, the study showed no evidence for alkoxy radicals themselves initiating the polymerization process. Earlier, MALDI-TOF-MS had been employed to study the end group of poly(methyl methacrylate) generated in anionic, CCT and group transfer polymerization [37] .
Mode of termination: disproportionation vs combination
A range of experimental approaches has been taken to determine the mode of chain termination in free radical polymerization (see for example Refs. [1, 38, 39] ) Bimolecular termination can occur via two distinct modes, i.e. termination by combination or termination by disproportionation. In the case of termination by disproportionation a chain is generated with one initiator fragment, whereas in the case of combination, a chain with two initiator fragments results. While notable attempts have been made to determine the mode of termination via NMR methodologies [40, 41] , mass spectrometry appears to be an ideal tool for accessing reliable chain end viz. termination mode information. In an early study Zammit et al. hinted at the possibility of determining termination ratios from MALDI-TOF-MS experiments [19] . In a subsequent study, the same authors carefully mapped out the product spectrum generated in azobis(isobutyronitrile) (AIBN) initiated free radical polymerization of MMA and styrene via MALDI-TOF-MS [42] . The resulting polymers were analyzed via both conventional SEC and MALDI-TOF-MS. Good absolute molecular weight agreement between SEC and MALDI-TOF-MS was observed by these authors, at least for polymers of molecular weights below 1000 Da. Using integration of the mass spectroscopic peak corresponding to the disproportionation and combination peaks respectively, the ratio of the termination modes, k td /k tc , were determined for MMA and styrene polymerization to be 4.37 and 0.0057, respectively. These data are in excellent agreement with independently determined termination ratios. Interestingly, Table 1 Monomer C 22 the same study revealed important mechanistic information about the fate of initiator derived radical fragments. For example, an additional peak in the spectra was associated with the copolymerization of styrene with a single methacrylonitrile unit originating from the initiation process with AIBN. Another interesting peak was noted in the polystyrene mass spectra, i.e. a Diels-Alder rearrangement of the thermal self initiation process of styrene.
Recently, the CAMD group used mass spectrometry to show that a significant amount of disproportionation events are observed in the free radical polymerization of methyl acrylate, contrary to what has been reported in earlier studies [35] . However, the authors did not report quantitative data for the ratio of combination and disproportionation for this system, largely because of caveats associated with a potential mass bias in MALDI-TOF-MS over the large molecular weight range under investigation.
Chain transfer
MALDI-TOF-MS has been utilized to confirm the endgroups generated by transfer reactions as a qualitative guide to mechanism. Stumbe et al. [43] used MALDI-TOF-MS to study oligomers of styrene formed in the presence of athioglycerol in batch and semi-batch processes. Similarly, Liu et al. [44] applied MALDI-TOF-MS analyses to confirm the end groups generated by the polymerization of butyl methacrylate in the presence of thioglycolic acid. Lu et al. [45, 46] used MALDI-TOF to characterize poly(N-2-hydroxylpropyl)methacrylamide (PHPMA) formed in the presence of different thiols. Subsequently, they formed conjugates of PHPMA with a-chymotrypsin and used MALDI-TOF-MS to analyze the conjugation reaction products. Liu and Rimmer [47] analyzed poly(N-vinyl pyrrolidone) polymerized in 3-methylbutan-2-one which acted as both a solvent and a transfer agent generating predominately methyl ketone end groups. Grady et al. [48] studied the high temperature polymerizations (TZ120 8C) of n-butyl methacrylate and n-butyl acrylate. They utilized ESI-MS to analyze the poly(butyl acrylate) products to support the hypothesis that intermolecular chain transfer and scission contribute significantly to the polymerization mechanism of acrylates at high temperatures. The end groups generated in a-methyl styrene polymerizations were analyzed by MALDI-TOF-MS to support evidence that the majority of chain ends are terminated by transfer to monomer in this reaction [49] .
An attempt was made by the CAMD group to apply MALDI-TOF-MS as a quantitative chain-end measurement to yield chain transfer coefficients to a thiol in methyl methacrylate polymerizations [50] . However, this was unsuccessful as the values for the chain transfer coefficients obtained from MALDI-TOF-MS chain end analyses were not consistent with those obtained from traditional methods (i.e. Mayo and CLD procedures) and the relative intensities of the peaks with different end groups were found to be dependent on the selection of the counter-ion.
Catalytic chain transfer (CCT)
CCT polymerization of methacrylates and styrenic derivatives using cobalt complexes is now well established as a powerful synthetic route to functional oligomers [51] [52] [53] [54] . This technique is based upon the fact that certain lowspin Co(II) complexes such as cobaloximes, catalyze the chain transfer to monomer reaction, via a mechanism believed to consist of two consecutive steps. First a growing polymeric radical, R n , undergoes a hydrogen transfer reaction with the Co(II) complex to form a dead polymer chain, P n and a Co(III)H complex. This Co(III)H complex subsequently reacts with a monomer molecule to produce the original Co(II) complex and a monomeric radical, R 1 , as detailed in Scheme 3.
Mass spectrometric analyses of the polymers/oligomers generated by CCT can be used to support this proposed mechanism. The predominant mode of termination in CCT is chain transfer to yield unsaturated end groups. This product can be categorized as a macromonomer. The reinitiation step of the mechanism involves the regiospecific addition/insertion of an H atom to the monomeric double bond. Thus, macromonomers are generated with characteristic end groups dominated by H and vinyl groups, respectively. This oligomer structure was confirmed by MALDI-TOF-MS and MALDI-Fourier-transform-ion cyclotron resonance ICR-MS showing that only a limited amount of initiation by conventional radical initiator can be observed, confirming the very high efficiency of CCT reactions with methacrylates [55, 56] . It is generally thought that the formation of cobalt-carbon bonds is not an essential part of the CCT process and for tertiary radicals (such as those derived from methyl methacrylate) very little cobalt-carbon bonding occurs. However, for secondary radicals (such as the acrylates and styrene) there is a substantial influence of cobalt-carbon bonding that reduces the efficiency of CCT by effectively negating (reversibly) the efficacy of the cobalt catalyst [57, 58] . MALDI-TOF mass spectrometry has been utilized to investigate this phenomenon in methyl acrylate polymerizations mediated by cobaloxime [59] . In the case of acrylate CCT polymerizations, the cobalt-carbon bond formation induces an induction period followed by a growth in molecular weight until a critical conversion when the system becomes transfer dominated. Samples of oligomeric methyl acrylate were isolated from the early stages of a CCT mediated polymerization and subjected to MALDI-TOF-MS analyses. Two distinct series of chain ends were observed. One series indicated chains with no initiator fragments-a structure consistent with the known products of CCT reactions. The second series was consistent with a polymer structure of methyl acrylate units end-capped with the cobalt catalyst. To verify that this was the case these samples were subjected to a further reaction by heating under oxygen-free conditions in the presence of a-methyl styrene (AMS). Once again the products were isolated and subjected to MALDI-TOF-MS analysis. The original series was still present, however, the second series completely disappeared and it was replaced by a new series of peaks consistent with poly(methyl acrylate) terminated with a single a-methyl styrene unit. This result is consistent with a scenario where at elevated temperatures the cobalt-carbon bond is broken and radical addition to AMS occurs. As the newly formed AMS tertiary radical is very slow to propagate it almost exclusively undergoes CCT to yield a methyl acrylate oligomer with an unsaturated AMS endgroup as shown in Scheme 4.
When this experimental approach was repeated for longer chain acrylates (i.e. ethyl and n-butyl acrylates), the cobalt-carbon bonded chains could not be observed, which is indicative of a weaker bond formation.
The macromonomers generated by CCT have been analyzed by both MALDI-TOF-MS and ESI-MS techniques in successful attempts to investigate oligomer structures for homo-polymerizations [60, 61] , copolymerizations [62, 63] and also for a unique reaction, CCT isomerization [64] , where in place of vinyl end-groups, aldehyde end-groups are generated. Gridnev et al. [65] have reported the synthesis of telechelic polymers using CCT and their subsequent characterization using K C IDS mass spectrometry (potassium ionization of desorbed species). The vinyl-terminated oligomers can themselves be utilized as reactive modifiers to generate unique polymeric structures. In some cases they can undergo copolymerization with other monomers. In other cases they partake in addition fragmentation reactions (analogous to RAFT) with methacrylate comonomers to generate block-type architectures [66] . Haddleton et al. [67] synthesized (via CCT) benzyl methacrylate dimers, which were utilised as addition-fragmentation agents to generate (after additional work-up) a,u-dicarboxyl telechelic poly-(methyl methacrylate). Haddleton et al. [68, 69] also studied addition fragmentation reactions utilizing dimers (made by CCT) of methyl methacrylate and 2-hydroxyethyl methacrylate. MALDI-TOF-MS was used to verify the structures during the course of these synthetic processes.
Recently, Chiu et al. used ESI-MS to characterize macromonomers consisting of an n-butyl acrylate (BA) tail and a-methyl styrene (AMS) or benzyl methacrylate (BzMA) unsaturated termini synthesized via CCT polymerization (see Scheme 5) [70] . These authors employed a low spin bis(difluoroboryl)-dimethylglyoximato cobalt (II) (COBF) complex as catalytic agent. The mass spectrum obtained in the BA/AMS system showed well separated peak groups with a repeat unit of 128.08 amu, corresponding to the BA unit molecular weight. Each peak group contains three individual peaks (see the inset in Fig. 5 ).
Close inspection of the inset indicates that they correspond to macromonomers having n units of BA and one to three units of AMS. The good agreement of the experimental and theoretical molecular weights should be noted (e.g. m/z exp BA 8 AMS 1 Z1166.30 amu, m/z theo BA 8-AMS 1 Z1165.71 amu). The data shows that chains containing one or two AMS units are more abundant than those containing three AMS moieties. Since more BA is present than AMS, it is very likely that re-initiation predominantly takes place through a BA monomer which propagates until it adds onto an AMS monomer. The resulting radical is most likely to undergo chain transfer leading to a chain with one AMS unit, but may add onto another BA again (homopropagation is unlikely) and grow until another AMS has been added, which again is likely to undergo chain transfer (resulting in a chain with two AMS units), but may add to another BA molecule again, etc. Clearly, the probability of incorporation of more AMS units is very small. The reason that chains with two AMS units are still very dominant is conceivably caused by the fact that the monomer feed contains about 10% of AMS and hence chain re-initiation via an AMS monomer should be significant. Even though this monomeric radical can also undergo chain transfer, its product would be AMS monomer again, hence the only noticeable product from chain re-initiation via an AMS monomer can be a polymer chain.
Living free radical polymerization
Nitroxide mediated free radical polymerization
Nitroxide mediate polymerization (NMP) was one of the first true living free radical polymerization processes. Hawker has recently reviewed in great detail the development of NMP along with the structural variety of second and third generation nitroxides currently in use [71] . Mass spectrometry can provide valuable insight into the polymerization mechanism of NMP processes as it allows for a detailed mapping of the resulting product spectrum. One of the earliest studies into the mass spectrometric analysis of polystyrenes prepared by TEMPO (2,2,6,6-tetramethylpiperidine)-mediated living free radical polymerization was carried out by Jasieczek et al. [72] . These authors reported the analysis of TEMPO-capped polystyrene samples by ESI-MS, MALDI-TOF-MS and by liquid secondary ion mass spectrometry (L-SIMS). A thermally decaying peroxide (dibenzoyl peroxide) was used as initiator in the presence of TEMPO. Via MALDI-TOF-MS several ion distributions were detected, of which only two could be assigned with reasonable certainty (they correspond to polystyrene chains with benzoyloxy fragments on both chain termini and a population of chains terminated by a benzoyloxy fragment and an unsaturated styryl moiety). Surprisingly, no polymer chains carrying TEMPO-based alkoxyamine end groups were reported. In sharp contrast to the MALDI-TOF-MS, the ESI-MS and L-SIMS techniques were able to detect TEMPO-capped chains. The difference in the mass spectrometry outcomes was tentatively attributed to gas phase fragmentations during the MALDI process. One of the most extensive studies into the mechanism of NMP using mass spectrometry was carried out by Dourges et al., who used MALDI-TOF-MS for this purpose and finely tuned the matrix/salt system to successfully observe TEMPO end-capped chains [73] . These authors also observed extensive end group fragmentation in the gas phase during the ionization process. The observed end group fragmentation was strongly matrix and salt dependent, showing that the results obtained from mass spectrometry-and especially MALDI-TOF-MS-must be carefully optimized before firm conclusions can be drawn. Nevertheless, the results of Dourges et al. confirmed the chain end capping mechanism operative in NMP. More recently, Schmidt-Naake and co-workers investigated chlorine functionalized and TEMPO-capped polystyrenes Scheme 5. Copolymerization of n-butyl acrylate and a-methyl styrene or benzyl methacrylate in n-butyl acetate in the presence of COBF and initiated via AIBN at 125 8C. via MALDI-TOF-MS [74] . They demonstrated that under conditions of self protonation chlorine-, acrylate-and amine-functionalized TEMPO-capped polystyrenes and bis-TEMPO-capped polystyrenes can be readily observed via MALDI-TOF-MS. In an extension on the studies of TEMPO mediated styrene polymerization, Burguiere et al. characterized block copolymers of n-butyl acrylate (BA) and styrene synthesized via NMP [75] . These authors polymerized BA at elevated temperatures (TZ130 8C) in the presence of TEMPO, initiated by either a low molecular weight alkoxyamine or a TEMPO-capped polystyrene. The MALDI-TOF-MS results clearly showed that the initiator could always be found on one chain end and that a block copolymer is produced with styrene. Interestingly, the opposing chain end functionality was not a TEMPO-cap, but rather a methylene unsaturation. The authors concluded that the main chain breaking event is likely to be a b-hydrogen transfer from a propagating radical to free TEMPO radicals. Their work clearly shows how the results from mass spectroscopic investigations can be used for reaction design: If an u-unsaturation is undesired, but rather a stable alkoxyaime u-end group is envisaged, the controlling parameter that needs to be changed is the chemical structure of the controlling nitroxide. The structural change in the chemistry of the nitroxide should decrease the rate coefficient for disproportionation with regard to the rate coefficient governing the recombination of propagating radicals with TEMPO moieties. In a similar approach to block copolymers, Fischer and co-workers synthesized polystyrene-block-poly(styrene-co-acrylonitrile) copolymers by chain extension of TEMPO-capped polystyrene [76] . They subsequently investigated the thermal stability of the resulting block copolymers by pyrolysis gas chromatography coupled with mass spectrometry, indicating that up to temperature of 200 8C the carbon-oxygen bond between the TEMPO end group and the main polymer chain was stable. Homopolymers of BA synthesized via second generation NMP were prepared by Charleux and co-workers and also characterized by MALDI-TOF-MS [77] . The mass spectroscopic data clearly showed that the overwhelming majority of the chains have the initiator fragment on one end and the nitroxide on the other end, underpinning the suitability of the employed second generation (i.e. high temperature) nitroxide for living BA polymerizations.
An interesting approach to cyclic polystyrenes using NMP technology has been taken by Hemery and coworkers, who subsequently characterized the obtained structures via MALDI-TOF-MS [78] . Hetrotelechelic polystyrene chains having a-hydroxy-u-carboxy end groups were cyclized. NMP technology using 4-hydroxy-TEMPO and a thermally decaying azo initiator were employed to generate difunctional macromolecules. The success of the cyclization reaction was evidenced by FT-NIR spectroscopy, SEC and MALDI-TOF-MS. The MALDI spectrum of the linear precursor corresponds to the structure (HOOC-(styrene) n -OH, H C ), whereas the cyclic product can be assigned to (-OC-(styrene) n -O-, H C ). The success of the cyclization was clearly supported by a molecular weight gap of 18 Da between the two series. MALDI-TOF-MS has also been successfully employed to evaluate the success of modification reactions of nitroxide-terminated polymers. For example, Beyou et al. have functionalized nitroxide-terminated polymers by a combination reaction with disulfide compounds such as tetraethyl thiuram disulfide [79] . The resulting polymers were analyzed via MALDI-TOF-MS, ESI-MS and L-SIMS. Interestingly, these authors confirm the observation of earlier studies [72] that MALDI-TOF-MS tends to give questionable results due to excessive fragmentation reactions during the ionization process-a phenomenon that has also been observed for polymer chains carrying RAFT end groups (see Section 3.3).
Atom transfer radical polymerization (ATRP)
Atom transfer (free) radical polymerization (ATRP) is one of the most developed and frequently used living radical processes for macromolecular design [80] [81] [82] [83] . Mass spectrometry has repeatedly been used to access the structure of ATRP generated polymers and to elucidate chain end populations that reveal important information about the polymerization mechanism. MALDI-TOF-MS was used relatively early to show the presence of alkyl halides in the product spectrum. Matyjaszewski et al. employed this technique to study the chain end structure of polyacrylonitrile generated via ATRP using 2-bromopropionitrile as initiator and CuBr/2,2 0 -bipyridine as catalyst [84] . The main chain population was the macro alkyl halide, with small additional amounts of unsaturated chains as well as products from bimolecular termination events. Decomposition of the chain end, i.e. loss of HX, can contribute to unsaturated chain ends. At high monomer to polymer conversions, evidence for additional side reactions was detected, i.e. the loss of the halide and its replacement with a hydrogen atom [85] . A recent study into the kinetics of chain end functionality formation in ATRP demonstrated that loss of HX in ATRP is clearly possible-limiting the functionality of the final polymer-thus underpinning the results of the MALDI-TOF-MS findings [86] . Prompted by the observation that in ATRP of tert-butyl acrylate (t-BA) the loss of terminal bromine occurred as a significant side reaction [87] , Kubisa and co-workers engaged in a systematic study of the (low molecular weight, M n y2000 Da) product spectrum generated in ATRP of acrylates via MALDI-TOF-MS [88] . At least under the reaction conditions of the above study, the authors found that for all three acrylate ATRP systems studied (i.e. methyl, n-butyl and t-butyl acrylate), macromolecules without a terminal bromine group were clearly detected. Further, the fraction of the dead polymer in the reaction mixture increased significantly as the reaction progressed to higher monomer to polymer conversions to the extent that at close to complete conversion, the majority of macromolecules were irreversibly terminated. Surprisingly, the polymerizations progressed in a living fashion to high conversions, raising the possibility that the alteration of the chain ends occurred during the ionization process. Nevertheless, the authors suggest a transfer mechanism involving the amine complexing agent for the formation of macromolecules devoid of bromine groups. However, the authors are also careful to stress that mechanistic generalizations to other ATRP systems should be avoided. Earlier, Matyjaszewski et al. had observed well resolved MALDI-TOF-MS spectra in n-butyl acrylate (BA) systems, with the expected structure (i.e. (CH 3 -CHO 2 CH 3 )-BA n -Br, Na C )) [89] . A minor peak series was detected indicating the elimination of HBr, but since no unsaturated end groups were detected by 1 H NMR spectroscopy, the authors concluded that the elimination had most likely occurred during the MALDI process.
While the above studies all employed copper based catalytic systems, considerable effort has been directed into understanding the mechanism and product spectrum in ruthenium mediated living free radical polymerizations, which proceed also via an ATRP mechanism. Most notably, Sawamoto and co-workers applied MALDI-TOF-MS to study the polymers generated in ruthenium-mediated free radical polymerization of methyl methacrylate, methyl acrylate and styrene [90] . The observed mass spectra of the generated polymers were extremely clean and only showed a single series of peaks associated with the theoretically expected molecular structure, i.e. having an initiator fragment at the a-end and a halide (i.e. chlorine) group at the opposite end. The authors of the study were also able to demonstrate that the theoretical isotopic pattern distribution of the living polymers correlated excellently with the experimental one. The study compared the living polymers with polymers derived from the same monomers, but prepared via conventional (i.e. AIBN initiated) free radical polymerization, showing the presence of a high degree of bimolecular termination events.
Statistical copolymers and block copolymers have been prepared in an extensive variety by ATRP over the past decade. Some of the studies into the mechanism and kinetics of the process have made use of mass spectrometric analysis. Recently, Klumperman and Venkatesh investigated olefin copolymerizations via ATRP, specifically MMA and 1-octene [91] . The authors observed a relatively complex spectrum of overlapping distributions for molecular weights below 15 000 Da. All identified polymer populations could be assigned to three distinct pairs of end groups:(i) The dormant chain population having an initiator fragment and a halide end group, respectively. (ii) A chain population corresponding to the loss of terminal halide and (iii) a series of peaks having a lactone end group [92] and the p-toluene-sulfonyl initiator fragment on the other. The authors attributed the lactone end group to the cyclization of the terminal two repeat units and the subsequent loss of chloroform. Most observed copolymer chains contained at least one 1-octene group.
Several di-and triblock copolymers have been prepared via the ATRP process and their structural features have to some extent been characterized via mass spectroscopic techniques. Bednarek et al. demonstrated how ABA block copolymers of poly(oxyethylene) and methyl methacrylate (MMA) can be analyzed via MALDI-TOF-MS via a combination of mass centered peak assignments and isotopic pattern recognition [87] . One of the few examples where ESI-MS has been used to study the structure of ATRP generated polymers has been reported by Matyjaszewski and co-workers in their successful attempt to incorporate vinyl acetate (VA) into block copolymer structures [93] . Their approach in generating block copolymers of VA followed two principal approaches, i.e. the use of a difunctional initiator and the redox initiation of a halogen terminated (macro)initiator.
On the next higher level of architectural complexity, the degree of functionalization of star shaped ATRP macroinitiators can be assessed via the isotopic pattern distribution. Typically, the number of initiating groups is determined via NMR spectroscopy. However, such an approach is limited since it only gives average numbers and does not differentiate between polymer chains with different molar masses. Kubisa and Bednarek have very recently applied isotopic pattern recognition via MALDI-TOF-MS on poly(3-ethyl-3-hydroxy-methyloxetane) derived macroinitiators and successfully determined the degree of end group functionalization [94] . A clear fine splitting signal due to the isotope distribution was observed, largely caused by the 79 Br and 81 Br isotopes. Such an approach is obviously very applicable to macromolecular scaffolds that carry halogens with large masses. Although in principle possible, the applicability of this technology to NMP and RAFT generated star initiators is somewhat more challenging and has yet to be exemplified.
In an interesting study, Shen et al. employed MALDI-TOF-MS to characterize C 60 end-capped polystyrenes prepared by ATRP [95] . These authors studied both the polystyrene precursor molecules and the C 60 functionalized final products via mass spectrometry. Concomitantly to the findings of Kubisa and co-workers [88] , these authors found no polymer with bromine end groups. It can thus not be excluded that bromine is easily cleaved off from the main polymer chain under MALDI conditions. The analysis of the C 60 mono-substituted functionalized polymers clearly showed that the reaction was successful, although the polymer underwent some rearrangement during the ionization process again leading to the loss of the bromine functionality. A similarly intriguing application of the MALDI-TOF-MS for the elucidation of reaction mechanism was carried out by Le Grognec et al., who reported on the free radical polymerization of styrene mediated by molybdenum (III)/(IV) couples [96] . These authors used CpMo(PMe 3 ) 2 Cl 2 and CpMo(1,2-bis(diphenylphosphino)ethane)Cl 2 species to induce a successful living ATRP like process in styrene polymerizations. MALDI-TOF-MS was subsequently applied to the generated polymers and four major peak series could be distinguished. The first series of peaks corresponded to vinyl end group terminated polymers; however, the authors concluded by comparison with 1 H NMR spectroscopic data that these species corresponded to bromine terminated groups that have undergone a dehydrobromination sequence under MALDI conditions. The second series of peaks excellently matched the expected dormant chains, with the third series of peaks corresponding to a vinyl end-group terminated series (as above), but carrying a sodium-instead of a silvercounter-ion. Finally, the fourth series is associated with dormant chains carrying a Cl chain terminus. Even though the Mo-Br bond is significantly weaker than the Mo-Cl bond, radical selectivity is not entirely in favor of bromine abstraction. Due to the low population of the Cl terminated chains, no evidence of proton resonances associated with this series was detected by 1 H NMR spectroscopy.
Reversible addition fragmentation chain transfer polymerization
RAFT polymerization [97] [98] [99] [100] has-along with other equally important living free radical techniques (see above)-revolutionized free radical polymerization as it allows for the generation of complex macromolecular architectures such as comb, star and block copolymers with narrow polydispersities. RAFT polymerization is increasingly finding application for generating novel structures and materials in bioengineering and nanotechnology applications. Lowe et al. used copolymers made by RAFT to stabilize transition metal nanoparticles [101] and materials based on nano-and micro-porous polymers have also been reported [102, 103] . Other applications include the manufacture of biocompatible nano-containers for drug delivery applications [104] . The mechanistic underpinnings of the RAFT process are the subject of a lively debate in the literature (see Refs. [105, 106] and the literature cited therein) and mass spectrometric analysis of the generated product stream becomes an increasingly important tool for mechanistic investigations into the process. Initially, matrix assisted laser desorption ionization (MALDI)-time of flight (TOF) mass spectrometry has been employed to study RAFT generated polymers of various monomers and RAFT agents. During the study of RAFT systems via MALDI-TOF-MS technology, many authors have noticed that the RAFT end groups-usually dithioester moieties-are often subject to fragmentation under typical MALDI-TOF conditions [79, 107] . Still, mass spectrometry was a powerful tool in demonstrating that the living polymer chains generated in the RAFT process actually have dithioester end-groups, thus underpinning the original CSIRO suggested RAFT mechanism [97] . Ganachaud et al. used MALDI-TOF-MS of RAFT generated poly(N-isopropylacrylamide) to characterize its structural features [108] . At the relatively weak level of mass spectroscopic resolution and significant noise level, no polymer chains carrying AIBN fragments were detected, although all the expected Rand Z-group carrying chain ends [100] could be clearly identified. In addition, their analysis also clearly demonstrated the presence of unsaturated chain termini, suggesting that bimolecular termination proceeded largely by disproportionation and/or transfer to monomer events. In an indepth analysis of poly(N-isopropylacrylamide) synthesized via the RAFT process, Müller and co-workers could not only identify the expected RAFT end groups, but were able to find unambiguous evidence of initiator fragment-capped polymer species, which was ascribed to an increased resolution of their mass spectrometric analysis [107] . However, the authors were careful to stress that they observe well resolved peaks that cannot be assigned to any polymeric product. Such peaks were tentatively attributed to fragmentation processes of the RAFT polymer during the ionization process. Interestingly, the authors observed a surprisingly large abundance of double bond containing chain termini, usually formed during disproportionation and/or transfer events. To corroborate their assumption that such species can also be formed during the ionization process, these authors performed a post source decay (PSD) analysis [109] , which demonstrated that dormant RAFT chains readily fragment to yield vinyl group containing chain termini. In a similar study, Favier et al. carefully investigated the polymeric products formed during the RAFT agent (tert-butyl dithiobenzoate) mediated free radical polymerization of N-acryloylmorpholine (NAM) [110] . These authors carried out an optimization procedure (via the variation of the counter-ion) to obtain well resolved MALDI-TOF-MS spectra of poly(NAM). Two main chain populations were clearly identified, i.e. (i) the dormant RAFT chains having a dithioester group on the one and an initiator fragment on the other end along side oxidation products of the dithioester end group (see below), and (ii) a series of proton terminated chains which were likely generated during the ionization process under MALDI conditions. Interestingly, the authors indicated that they may have seen evidence of reactions involving the intermediate macroRAFT radical in either irreversible and/or reversible termination reactions or transfer events (see below). However, they are careful to stress that the theoretical expected molecular weights are in poor agreement with the observed signals, which they largely attributed to the small concentration and poor resolution of such potentially minor trace products. In a further study, D'Agosto et al. prepared amphiphilic poly(NAM)-blockpolystyrene copolymers. The pre-cursor poly(NAM) RAFT polymers (prepared by using acid group bearing dithioesters) were characterized via MALDI-TOF-MS [111] . Five chain populations were described, of which only two could be assigned to a polymer structure:(i) the main population of dormant RAFT chains, (ii) a series carrying the (acid) Rgroup of the initial RAFT agent on the one chain terminus, with the opposite chain end carrying a proton, and (iii) a dormant RAFT population carrying a potassium (instead of a sodium) counter-ion.
Among the many monomers polymerized via RAFT technology, the resulting poly(acrylic) acid (PAA) is one of the few water soluble polymers that has been characterized via MALDI-TOF-MS [112] . The study of Loiseau et al. recorded negative ion spectra of neutralized PAA and detected thiol terminated as well as proton terminated chain populations, but were unable to record dormant RAFT polymer directly from the reaction mixture. MALDI-TOF-MS has also been applied to study RAFT polymers generated in water-borne dispersion systems to confirm the structure of the generated polymers. Sanderson and coworkers were able to confirm the presence of a dormant chain population in a dispersion system of styrene [113] . However, they also observed minor populations which could partly be assigned to bimolecular termination events of the propagating macroradicals and species carrying fragments of the employed initiator. A certain degree of ambiguity remained regarding non-assignable peak series, which may also have formed during the MALDI-TOF-MS experiment itself.
In a parallel development to the RAFT process, Destarac et al. report one of the earliest examples of the application of MALDI-TOF-MS towards the analysis of so-called macromolecular design by interchange of xanthates (MADIX) mediated polymerizations of styrene, acrylates and vinyl acetate [114] . These authors report on the observation of polymer chains carrying the expected RAFT end groups, as well as polymer chains terminated by hydrogen (instead of a dithioester moiety) as well as chains carrying initiator (AIBN) fragments.
The study of RAFT polymers via MALDI-TOF-MS has considerable drawbacks, most notably the frequently observed fragmentation of chains during the mass spectrometric experiment. To address these issues, the polymeric product spectrum generated during the RAFT process has been thoroughly investigated via alternative ESI-MS and hyphenated SEC-ESI-MS experiments. The CAMD group provided unambiguous structural information on polymer chains generated in cumyl dithiobenzoate (CDB), cumyl pfluorodithiobenzoate (CPFDB) and 1-phenylethyl dithiobenzoate (PEDB) mediated methyl acrylate polymerizations via ESI-MS [115] . These authors demonstrated that, when coupled with a quadrupole ion-trap mass analyzer [116] , this ionization method can provide highly resolved spectra that allow for unambiguous structural characterization of the generated RAFT polymers. Fig. 6 shows a typical ESI-MS spectrum of a cumyl dithiobenzoate (CDB) mediated methyl acrylate (MA) free radical polymerization. Fig. 6 clearly shows that the spectrum contains only one peak per repeat unit, indicating the extreme homogeneity of the polymeric structure and the mildness of the ionization conditions. The peaks can be unambiguously assigned to the structure given in Scheme 6: the theoretical molecular weight for nZ9 plus an attached sodium cation is 1069.42 amu, whereas the experimental mass is 1069.37 amu (Fig. 6 ). Although the polymerization activity is initiated by the AIBN radical fragments, these end groups do not appear to a significant extent in the spectrum due to the fact that the initial RAFT agent (CDB) releases initiating cumyl groups in a stepwise chain mechanism. Hence, due to the extremely high ratio of CDB to AIBN radical fragments in the (initial) reaction mixture the amount of AIBN initiated chains is negligible. Although multiple charging is often observed in ESI-MS, no such effect was observed in this study. It should be noted that only ionized molecules are visible in the obtained mass spectra and that additional unionized polymeric material with different end groups would remain hidden. However, this possibility is highly unlikely, since the ionization process is believed to take place mainly at the ester groups of the polymer backbone.
To further verify the structure of the dormant RAFT chains (see Scheme 6) these authors performed multiple stage MS (MS/MS) experiments [117] on the parent ion corresponding to nZ10. Multiple stage MS takes advantage of the ion trap mechanism and allows for the fragmentation of a selected parent ion and the mass analysis of the resulting product ions. The insert in Fig. 6 shows the MS 2 spectrum of the molecular ion with mZ1155.37 amu. The fragmentation of the dithiobenzoate moiety (152.98 amu) can be clearly identified: during the fragmentation process it acquires an additional proton from the polymer chain to give dithiobenzoic acid (mZ153.98 amu) and a new molecular ion with mZ1001.34 amu. It can also be observed that the fragmentation of a methyl ester group from the main polymer chain liberates a methanol molecule (mZ 32.03 amu)-a typical fragmentation product of methyl esters-to afford the peak with a molecular weight of 1123.3 amu. This tandem MS experiment strongly underpins the proposed structure (see Scheme 6) for the polymeric material formed via CDB mediated polymerization of MA.
Close inspection of the spectrum depicted in Fig. 6 indicates that a series of very minor peaks exists, which can almost be mistaken as background noise. In the light of the current debate about the mechanistic underpinning of the RAFT process, it seemed mandatory to apply high resolution mass spectrometry to test whether any of these minor peaks are associated with products forming via irreversible termination events of the intermediate macro-RAFT radicals. The CAMD group studied the CDB/MA system by interfacing SEC with UV and ESI-MS detection [118] . A schematic of a typical SEC-UV-ESI-MS set-up is depicted in Scheme 7.
These authors were able to map out the product spectrum generated in CDB mediated MA polymerizations via the above hyphenated technique and found no indication of irreversible termination products (i.e. three armed star polymers), thus making their kinetic relevance and contribution to rate retardation effects in the CDB/MA system unlikely. However, these authors were careful to note that within the context of their SEC-ESI-MS study that absence of proof of the existence of the intermediate termination products is not necessarily proof of their absence. Nevertheless, they concluded that under the given experimental circumstances, it was unlikely that the presence of irreversible termination products would remain unnoticed, when at the same time conventional termination products (i.e. bimolecular termination via combination) were clearly visible in the spectra [118] .
Conclusions and outlook
Mass spectrometry applied to the in-depth study of free radical polymerization processes has been an integral tool to elucidating reaction mechanisms since the late 1980s and 1990s. In the present article we have demonstrated that invaluable information can be extracted from mass spectroscopic techniques ranging from the precise determination of absolute molecular weights, the detailed study of the end group chemistry of a polymer to the reliable determination of kinetic rate coefficient data. MS has been applied to nearly every flavor of free radical polymerization techniques and contributed greatly to the understanding of polymerization mechanisms. Although the list of its successes is impressive, mass spectrometry remains beset by a range of caveats and pitfalls that require careful attention when interpreting the resulting spectra. Most problematic is the frequently observed mass bias, leading to an overemphasis of short over long polymer chains. The resulting problems in species quantification are compounded by an ionization bias depending on the end group and/or chemical nature of the polymer backbone. Care should thus be taken when quantifying polymer concentrations via mass spectrometry and a case-to-case assessment is necessary before conclusions can be drawn. A further limitation of mass spectrometry is the limited molecular weight range, which is accessible. This is especially true for ESI-MS, where the currently available mass range only allows for the investigation of oligomeric material. MALDI-TOF-MSwhile allowing a wider molecular weight range to be Scheme 7. Schematic representation of the experimental set-up for SEC-UV-ESI-MS experiments. investigated-is beset by potential polymer end group fragmentation during the ionization process, a phenomenon which has especially been observed during the study of RAFT and ATRP made polymers. Only a careful selection of the matrix and counter-ion system can sometimes avoid such effects. Mass spectrometry applied to polymers generated in free radical polymerization processes can thus give very accurate mass information, while the individual species abundance readings-especially when comparing different molecular weight regimes-should be treated with care. As with any analytical technique, the full strength of mass spectrometry comes in its interplay and combination with other established methods of polymer analysis such as NMR spectroscopy and absolute molecular weight SEC.
Mass spectrometry applied to polymer systems is a relatively young field and the technology underpinning the instrumentation is under constant development, addressing the above mentioned shortcomings, making the technology even more attractive for mechanistically interested polymer scientists.
